The HSP70 family of chaperones are the front-line of protection from stress-induced misfolding and aggregation of polypeptides in most organisms and are responsible for promoting the stability, folding, and degradation of clients to maintain cellular protein homeostasis. Here we demonstrate quantitative identification of HSP70 and HSC70 clients using an ubiquitin-mediated proximity tagging strategy and show that, despite their high degree of similarity, these enzymes have largely non-overlapping specificities. Both proteins show a preference for association with newly synthesized polypeptides but each responds differently to changes in the stoichiometry of proteins in obligate multi-subunit complexes. In addition, expression of an ALS-associated SOD1 mutant protein induces changes in HSP70 and HSC70 client association and aggregation toward polypeptides with predicted disorder, indicating that there are global effects from a single misfolded protein that extend to many clients within chaperone networks. Together these findings show that the ubiquitin-mediated UBAIT fusion system can efficiently isolate the complex interactome of HSP chaperone family proteins under normal and stress conditions.
Introduction
Every cell has a finely tuned balance of protein expression, folding, complex formation, localization, and degradation that is specific to its growth state and environmental cues. Many pathological states involve changes in this balance, resulting in loss of regulatory control or loss of resilience during stress [1, 2] . While gene expression is now quantitatively measured at the level of nucleic acids and polypeptides, determining the status of cells with respect to protein homeostasis is still a challenge, as we lack the tools to examine folding of individual proteins and the functionality of multi-component complexes quantitatively on a global scale.
The front line of defense against challenges to protein homeostasis are cellular chaperones -proteins which recognize unfolded, aggregated, or unstable polypeptides [3] .
These ATP-dependent enzymes serve as a buffer to ensure that unfolded or aggregated polypeptides are either degraded or shielded within chaperone complexes or large protein-RNA assemblies [4] . The HSP70 family of chaperones is conserved in all organisms and, together with HSP90 chaperones and a host of co-chaperones including the HSP40 family, are thought to be responsible for recognition of nascent unfolded proteins and protein aggregates [5] [6] [7] . In addition, HSP70 enzymes respond to heat and other forms of stress that result in protein destabilization and also contribute to protein degradation [8] . Mammals have two primary classes of HSP70: HSC70, which is constitutively expressed, and HSP70, which is present in normally growing cells but is also dramatically induced during heat exposure, other forms of stress, or depletion of HSC70 [9] . In addition, organelle-specific forms of HSP70 also serve specialized functions such as the mitochondria-specific GRP75 (HSPA9) and ER-specific GRP78 (HSPA5) [10] .
HSC70 and HSP70 are 85% identical to each other and are thought to have similar cellular roles [9] . One of the most important of these is to contribute to the folding of nascent polypeptides, and both HSC70 and HSP70 have been reported to associate with translating ribosomes [11, 12] . In yeast, the SSA family of HSP70 chaperones are grouped functionally with "chaperones linked to protein synthesis" (CLIPS) due to polysome association and similarities in transcriptional regulation in response to stress [13] . In addition, recent evidence suggests that HSP70 chaperones are essential for ongoing translation in mammalian cells, as the cessation of translation in response to heat is due to loss of the chaperones from actively translating ribosomes [14] . HSC70/HSP70 also safeguard proteins against aggregation, localize aggregated or misfolded proteins to stress granules or P bodies, promote correct trafficking of membrane-associated factors, and in some cases promote degradation via the proteasome or autophagy pathways [6] [7] [8] .
While HSC70 (expressed from the HSPA8 gene) and HSP70 (expressed from the HSPA1A/B genes) chaperones are generally considered to be redundant, there is substantial evidence supporting a division of functional roles. Deletion of HSPA1A and HSPA1B genes in mouse models generates sensitivity to stress and genomic instability but otherwise viable and fertile animals, whereas deletion of HSPA8 is lethal in vertebrates [9, 15] . The HSPA8 gene from humans is able to complement yeast cells deficient in all cytoplasmic SSA1-4 HSP70 genes whereas HSPA1A cannot [16] , suggesting that the properties of these two chaperones are not identical and that their client specificities may also be distinct.
Some of the clients (targets) of HSP70 chaperones have been determined empirically by investigation of specific proteins and their binding partners, but this has not been investigated on a global scale due to the transient nature of many chaperone-client interactions and the presumably large number of cellular clients [17] . Recent work identified the interactome of the ribosome-specific SSB1 and SSB2 chaperones in budding yeast using ribosome profiling, showing that these proteins associate with ~80% of nascent polypeptides [18] ; however, the clients of cytosolic HSP70 proteins have not been identified comprehensively in yeast or mammalian cells. There have been several studies examining the interactomes of chaperones using affinity purification coupled with mass spectrometry (AP-MS) and meta-analysis of physical and functional interactions in budding yeast which have illuminated the extensive associations between HSP90 complexes, HSP70 complexes, associated co-chaperones, proteasome components, and other cofactors in eukaryotes [19] [20] [21] [22] [23] [24] . These have primarily been focused on HSP90 interactors, but some clients of HSP70 have been identified, particularly in budding yeast [19] [20] [21] . Although AP-MS is a powerful technique, it is limited by the fact that only interactions at the time of collection are able to be identified, biasing results towards the most abundant targets. In addition, large protein complexes may be isolated when only one or a few components of the complex actually interact with the chaperone.
Here we use a ubiquitylation-based strategy [25] to covalently link chaperones to their binding partners, and identify the clients and cofactors of constitutive HSC70 and heat inducible HSP70 in human cells. We find that HSP70 and HSC70 are largely non-overlapping for client association under normal growth conditions, although both chaperones show a bias toward binding to newly-synthesized polypeptides. Consistent with this role, HSC70 preferentially associates with proteins normally found in multi-component complexes but lack their partnersproteins which are normally degraded. Lastly, expression of low levels of a misfolded protein drastically changes the client association landscape for HSC70 toward proteins with intrinsic disorder, suggesting that this chaperone is poised to alter its profile in response to subtle changes in the concentrations of misfolded proteins in cells.
Results

Identification of UBAIT clients
To identify chaperone binding partners, we employed a recently developed technique for the identification of protein-protein interactions that utilizes ubiquitin fusion proteins to covalently trap a protein of interest to its binding partners [25] ("UBAIT", Figure 1A ). Fusion of ubiquitin to the C-terminus of a bait protein generates a UBAIT protein, which can be charged by the ubiquitin E1 enzyme and transferred to an E2 protein. The E2-charged UBAIT can react in trans with lysine residues on proteins that interact with the bait protein, resulting in a stable amide linkage between the bait and interactors. The ubiquitin moiety of the UBAIT carries a K48R mutation to block potential K48 chain formation that can lead to proteasome degradation of the UBAIT. One of the primary advantages of this system is that interacting proteins accumulate as covalent ubiquitination conjugates to the bait protein, so that even transient binding partners can be readily identified by mass spectrometry. We tagged human HSC70 and HSP70 chaperones with ubiquitin at the C-terminus and a biotinylation signal for BirA and a V5 epitope tag at the N-terminus. The biotin tag allows us to carry out the isolation of UBAIT conjugates under denaturing conditions, eliminating the presence of proteins that are associated with the target protein in non-covalent complexes. An important control is to express the UBAIT with deletion of the C-terminal Gly-Gly residues of the ubiquitin moiety ("ΔGG"), which prevents conjugation of the UBAIT. Inducible expression of the wild-type HSP70 and HSC70 UBAITs in human cells generated a ladder of larger products, consistent with covalent trapping of the UBAIT with client proteins or co-chaperones ( Figure 1B) ; the ΔGG UBAITs did not generate conjugates, as expected. We know that an HSP70 enzyme with a C-terminal ubiquitin fusion is functional, based on experiments in S. cerevisiae strain lacking all four HSP70 orthologs (SSA1-4). In these experiments, expression of a yeast SSA1 UBAIT ΔGG fusion fully complemented a ∆ssa1-4 deleted strain for viability (data not shown).
To identify high-confidence chaperone binding partners of human HSC70 and HSP70, we used human osteosarcoma (U2OS) cell lines containing stably-integrated, doxycyclineinducible HSC70-UBAIT (wild-type and ΔGG) and HSP70-UBAIT (wild-type and ΔGG) chaperones and grew these cells for 3 days after chaperone induction. We performed 12 wildtype UBAIT isolations and an equal number of control ΔGG isolations, each starting with 3 mg of total cellular protein, which were all performed under denaturing conditions followed by labelfree quantification of the isolated material as well as the total cell lysates by mass spectrometry (LC-MS/MS)( Figure 1C ) [26] . We compared each of the identified proteins in wild-type and control ∆GG isolations to generate an enrichment ratio, and used a bootstrapping method to calculate p-values for likelihood of interaction (see Materials and Methods). Lastly, we identified the most significant interactions using Benjamini-Hochberg correction to control the false positive rate [27] . The 24 isolations were analyzed together in one group, and two additional biological repeats of this procedure were performed, each with 12 wild-type and 12 ∆GG isolations. All of the samples were generated from a single U2OS cell line over the course of approximately two weeks and the samples for each group were collected and analyzed independently. Using this workflow we identified an average of 1409 interactors for the three HSC70 UBAIT experiments, with 763 proteins common to all three sets ( Figure 1D , E, Table   S1 ). The HSP70 UBAITs yielded fewer binding partners, with an average of 772 potential interactors, with 214 proteins shared among all three sets. Examples of HSC70 and HSP70 target enrichment data shown in Figure S1 .
The UBAIT strategy relies upon cellular enzymes to conjugate the fused ubiquitin to targets [28] . To ensure that the binding partners we identified are actually specific to the chaperones and not nonspecifically associating with ubiquitin, we created biotin-V5-tagged ubiquitin-only constructs (wild type and ∆GG) to serve as an additional control for the experiments and performed one set (12 wild-type and 12 ∆GG samples) of isolations, which identified 52 unique proteins. Comparison of this set with the chaperone UBAIT data showed a relatively small number of the binding partners of HSC70 and HSP70 were shared with biotin-V5-ubiquitin only ( Figure 1E , Table S1 ), 16 from the HSC70 list and 11 from HSP70, with 5 shared between them. Although many proteins can be ubiquitinated in cells [29] , it is clear from this analysis that the vast majority of the interacting proteins identified with HSC70 and HSP70 are actually chaperone-binding factors.
Analysis of the proteins identified as interactors of HSC70 and HSP70 shows many known co-chaperones and binding partners of these chaperones ( Figure 1F ). Those that are common to both enzymes include the HSP90AA1/AB1 chaperones that fold substrates cooperatively with HSP70 family enzymes [30] as well as the "bridging" cofactor STIP1 (HOP) that binds to HSP70 and HSP90 [31] . We also recovered HIP (ST13) that regulates chaperone activity [32] and several nucleotide exchange factors for the HSP70 family including BAG2, and BAG3 as well as several members of the J-domain-containing HSP40 family that regulate the catalytic cycle of HSP70 enzymes: DNAJA1, DNAJC7, DNAJC10, DNAJC13, DNAJB2, and DNAJB4. We also identified interacting HSP70 family members which regulate substrate binding and release: HSPH1, HSPA4, and GRP170 (HYOU1) [33] , and other compartmentspecific members of the HSP70 family (HSPA2, HSPA9B, and HSPE1) and several members of the chaperonin family (CCT proteins) [34, 35] .
Although several cofactors were observed to bind to both HSC70 and HSP70, some of the interacting cofactors were specific for HSC70. For instance, the DNAJC10 and DNAJC13 HSP40 proteins, which promote ATP hydrolysis by HSP70 chaperones, were only identified with statistically significant binding for HSC70, suggesting that the occupancy of these cofactors with the constitutive chaperone is much greater than with the heat-inducible form. In contrast, the nucleotide exchange factor HSPBP1 is only found with HSP70, not with HSC70, suggesting that this regulatory protein binds stably to the heat-inducible form.
Besides known co-chaperones and adaptors for HSP70 enzymes, we observed a large number of cellular proteins that do not have known association with HSC70 or HSP70 and are likely to be client proteins (Table S1 ). The interactors are predicted to be localized in many cellular compartments, consistent with the role of HSC70 and HSP70 in promoting the folding and localization of cytosolic, nuclear, and membrane proteins with diverse functions [6] .
The high degree of overlap between the 3 UBAIT experiments performed, particularly for HSC70, indicates that the UBAIT strategy combined with the sample isolation, mass spectrometry, and statistical analysis, yields reproducible and statistically significant chaperonebinding targets. These results can be considered as an HSC70/HSP70 chaperone-binding snapshot of this cell line at a specific point in time; however, we do not suggest that these define an immutable client repertoire. We have observed client-binding patterns change over time within the same cell line, suggesting that chaperone clients are sensitive to environmental as well as intracellular stress conditions, as discussed in more detail below.
The HSP70 family of proteins are part of a larger system of protein quality control and have been shown to regulate both proteasome-mediated degradation of proteins as well as chaperone-mediated autophagy [8] . The experiments in Figure 1 were performed with a K48R version of ubiquitin in the UBAIT experiments to block degradation of the fusion protein [36] , but we were also interested in how this mutation affects the recovery of HSC70 and HSP70 clients.
We performed the UBAIT experiment with K48 wild-type versions of ubiquitin and found that the number of binding partners identified in the HSP70 UBAIT did not change significantly from the three independent experiments that were performed with K48R ubiquitin ( Figure S2 ). However, with HSC70, we were unable to identify targets with statistically significant binding (only 1 protein identified after filtering for non-specific interactions and controlling the false discovery rate). These results may suggest that client proteins associated with HSC70 and ubiquitin constitute a potent degradation signal, while the equivalent complex with HSP70 does not.
These results are consistent with reports showing that HSC70 is required for efficient proteasome-mediated degradation of some clients [37, 38] , and evidence for HSC70/HSP70 proteins in chaperone-assisted ubiquitin-proteasome degradation [39] .
Comparison with BioID
To validate the results from the UBAIT-based interaction screen, we also analyzed HSP70 clients using an orthogonal method -BioID [40, 41] . This strategy involves fusion of a bait protein to the biotin ligase BirA, which results in biotinylation of proteins bound to the bait. Transient interactions are captured with this method, similar to the UBAIT fusions, and targets are also recovered with high stringency biotin-streptavidin interactions. Here we inducibly expressed an HSP70 fusion with A. aeolicus biotin ligase (BioID2) [41] as well as biotin ligase alone, and performed 12 isolations for each with streptavidin beads using the same isolation procedures as were used in the UBAIT experiments. After controlling the false discovery rate with Benjamini-Hochberg and excluding the targets isolated with biotin ligase alone, we identified 438 polypeptides as binding partners of HSP70 (Table S2 ). Examples of targets recovered with the BioID2-HSP70 fusion are also shown in Figure S3 . Of these 438 targets, 252 (58%) were also found with the HSP70 UBAIT fusion in at least one of the 3 sets of UBAIT experiments performed, indicating that there is reasonable overlap between the clients identified by these methods. Co-chaperones and chaperone-associated factors were also well-represented in this group, including HSPH1, HSPA2, HSPA4, HSPA5/BIP, HSPA9, HSPE1, STIP1/Hop, ST13, Chaperonins, DNAJ proteins, BAG2, and BAG3 ( Figure S3 ).
HSP70 and HSC70 preferentially bind to newly synthesized proteins
HSC70 and HSP70 orthologs are known to be associated with translating ribosomes [11, 19, 42] .
To determine if the clients of HSP70 and HSC70 are biased toward newly-translated proteins, we used a Stable Isotope Labeling with Amino acids in Cell culture (SILAC)-based approach to distinguish between newly-made proteins and older proteins in the cells. To test this strategy, U2OS cells were grown for at least five doublings in media containing standard L-lysine and Larginine, and then switched into heavy ( 13 C, 15 N) L-lysine and L-arginine media for one, two, or three days before harvesting (Figure 2A , top). Doxycycline induction of chaperones was started at time "0" to ensure that all chaperone UBAIT protein was expressed in heavy isotope. Total proteins in the lysates were analyzed for light/heavy ratios in tryptic peptides, which showed that the overall light/heavy ratios decreased with the length of heavy media pulse, as expected, with some proteins showing less change in the ratio over time (long-lived) whereas other proteins changed at a higher than average rate (short-lived) ( Figure 2A ). To use this system in the context of our UBAIT chaperone isolations, U2OS cells expressing tagged HSC70 or HSP70 UBAITs were incubated with light media for at least five doublings before induction of UBAIT expression with doxycycline ( Figure 2B , top panel). The cells were changed to heavy media at the time of induction and grown for either 1 or 2 days before harvesting. Chaperone UBAIT isolation was then performed as in Figure 1 , with 12 wildtype UBAIT isolations performed for each chaperone. Binding partners were analyzed for light/heavy ratios by mass spectrometry, and the total patterns of these ratios for HSC70 and HSP70 validated partners show an average of 0.95 and 0.63 light/heavy log ratios for a 1 day pulse, and -0.31 and -1.22 for a 2-day pulse, respectively ("actual" distributions in Figure 2B ).
Since every protein has a unique turnover rate, we also calculated the expected light/heavy ratio for each protein for the duration of the pulse, based on the results from the total lysates in our 1 and 2-day SILAC experimental dataset, with an assumption that the heavy isotope incorporation rate is linear over 2 days ( Figure 2B , C). This "expected" ratio for each protein comes from the total lysate data and therefore represents the overall turnover rate for that protein in the cell,
whereas the UBAIT target data shows the ratio specifically for the polypeptides captured by the UBAIT tagged chaperone.
Comparison of the UBAIT actual light/heavy ratios versus the expected light/heavy ratios for HSC70 and HSP70 UBAIT binding partners shows that there are more UBAIT partners that are significantly younger (heavy) relative to total protein present in the lysate ( Figure 2D , E, F, Table S3 ). Shaded areas in Figure 2D and 2E show proteins with significantly different ratios in the actual versus expected values, the majority of which are younger than expected. This preference is observed for both HSC70 and HSP70 and is consistent with the idea that a majority of unfolded or misfolded targets are bound by these chaperones either at the ribosome or shortly after translation. Both short-lived and long-lived proteins were observed in the UBAIT datasets, thus there was no obvious preference for polypeptides showing rapid turnover.
HSC70 and HSP70 association with proteins lacking binding partners
One important biological scenario that requires HSC70/HSP70 chaperone function is the maintenance of proper stoichiometry within multi-component complexes. "Orphan" proteins that lack essential binding partners are rapidly degraded in eukaryotes in a manner that requires HSP70 family enzymes [43] [44] [45] [46] , and the maintenance of stoichiometry within multi-component complexes in eukaryotes was recently suggested to occur through a co-translational process [43, 47] . To test whether HSC70 or HSP70 specifically interact with proteins in multi-subunit complexes that are destined to be degraded in the absence of their obligate binding partners, we chose a multi-subunit complex in which one member of the complex is dependent on at least one other member for its stability. Mre11, a DNA repair factor, is absolutely essential for the stability of its binding partner, Rad50 [48] . Rad50 is not observed consistently as an HSC70 or HSP70 UBAIT binding partner under normal growth conditions (Table S1 ). We reduced levels of Mre11 by shRNA depletion in U2OS cells and found that this reduced not only Mre11 but also the total amount of Rad50 protein, as expected ( Figure 3A ). We performed 6 UBAIT isolations of tagged HSC70 and HSP70 from cells with the Mre11 shRNA expressed, and found that levels of Rad50 bound to HSC70 increased 3.2-fold compared to samples without Mre11 depletion. This was not the case for HSP70, which showed no increase in Rad50 association.
These results collectively suggest that, in this case, HSC70 specifically binds to an orphan protein that is missing its obligate binding partners, while the heat-inducible HSP70 does not play this role.
We also were interested in testing whether expression of known obligate partners could reduce levels of HSP70/HSC70 client binding. For this we chose a protein that was consistently identified as one of the highest-ranked binding partners of HSP70 and HSC70, the ATP1A1 component of the sodium/potassium pump. It has been demonstrated that the stability of ATP1A1 is dependent on its heterodimer binding partner ATP1B1 [49] . ATP1B1, in contrast to ATP1A1, is not enriched for either HSC70 or HSP70 in our UBAIT experiments (Table S1 ). We hypothesized that the level of ATP1A1 expressed in this cancer cell line exceeds that of its obligate partner ATP1B1 and thus ATP1A1 is recognized by HSP70/HSC70 constitutively in these cells. In this case, we should be able to reduce the level of ATP1A1 binding to the chaperones by overexpression of ATP1B1. To test this, we overexpressed ATP1B1 by transient expression in the HSC70 and HSP70 UBAIT cells, and monitored the levels of both proteins. As expected, overexpression of ATP1B1 increased the stability of ATP1A1 ( Figure 3B ). In addition, the levels of ATP1A1 observed in the 6-sample UBAIT isolation of HSP70 decreased 3.6-fold with ATP1B1 expression compared to the untreated group of samples. Unlike the example with Mre11 and Rad50, in this case the levels of ATP1A1 bound to HSC70 did not change.
To further characterize the relationship of "orphan" proteins and chaperone binding, we chose the MSH2-MSH6 heterodimeric complex, a mismatch repair recognition enzyme in which MSH6 is strongly dependent on MSH2 for stability [50] . Like ATP1A1, MSH6 is recovered as an interactor with UBAIT-tagged chaperones, but MSH2 is not (Table S1 ). We overexpressed MSH2 in HSC70 and HSP70 UBAIT cells, performed a 6-replicate experiment for each tagged chaperone, and observed a 1.9-fold reduction in MSH6 levels associated with the HSP70 UBAIT specifically, but not with HSC70 ( Figure 3C ), similar to the result with ATP1A1 and ATP1B1. Taken together, these depletion and overexpression experiments suggest that HSC70 and HSP70 are monitoring levels of orphan proteins and that in some cases there seem to be specific interactions with one but not both of the chaperones. The experiments in which we have partially restored missing binding partners show that these interactions can be modulated in predictable ways by changing the expression of their obligate partners.
Expression of a misfolded protein changes the landscape of HSC70 binding partners
Efficient control of protein homeostasis is critical for all cells but particularly for some tissues, for instance neurons and other non-dividing cells in the mammalian brain [51] . The consequences of protein misfolding in neuronal cells can include neurodegeneration, in which case misfolded proteins are implicated in each disorder that have pathological effects in specific neuronal populations [52] . We tested the binding of HSC70 and HSP70 to one of these factors, the superoxide dismutase mutant A4V (SOD1 A4V) associated with a subset of familial ALS and the cause of highly penetrant and rapid motor neuron loss [53] . The A4V mutation in SOD1 promotes the formation of misfolded but soluble oligomers that are thought to be associated with neurotoxicity [54] . Here we expressed SOD1(A4V) co-translationally with GFP (GFP-P2A-SOD1) using a BacMam virus in our HSC70 and HSP70 UBAIT cells at levels approximately 10fold higher than endogenous SOD1, and isolated targets from 12 samples for each chaperone (with 12 DGG controls). We compared these results to an equal number of samples in which GFP expression alone was induced. We observed significantly increased binding of SOD1 to both chaperones with SOD1(A4V) overexpression under these conditions ( Figure 4A ).
We expected that the expression of a misfolded protein might cause one or both chaperones to exhibit lower levels of binding to endogenous clients because of the acquired association with SOD1(A4V). We did see this, with both HSC70 and HSP70 showing a loss of 44% of the bound partners observed in the absence of SOD1(A4V) expression. Unexpectedly, we also observed new partners upon SOD1(A4V) overexpression, approximately half as many as were lost ( Figure 4B , Table S4 ). We examined this new set of acquired binding partners (206 for HSP70 and 227 for HSC70) and found that the newly bound partners of HSC70 were significantly increased for both polypeptide length and for predicted disorder based on the TANGO algorithm that estimates intermolecular beta-sheet protein aggregation [55] ( Figure 4C ).
The binding partners of HSC70 and HSP70 in the absence of misfolded protein expression do not exhibit any significant differences in these parameters in any of the other trials compared to the total lysate (data not shown).
We also utilized a method to isolate detergent-resistant protein aggregates [56] from the cells expressing GFP only or GFP plus SOD1(A4V) to determine if there are any changes in protein aggregation. We performed isolations and mass spectrometry-based quantitation from 3 biological replicates with cells expressing GFP only or GFP plus SOD1(A4V) and identified a total of 2433 proteins in the aggregate fractions ( Figure 4D ). The majority of these (1520) did not change significantly with SOD1(A4V) expression, but we found that 620 proteins were recovered at reduced levels while 293 were more enriched with expression of the misfolded SOD1. These 293 proteins were not related to the proteins identified in our UBAIT isolations but, similar to the HSPA8 UBAIT targets, they did show a bias toward proteins with higher predicted disorder (TANGO score) [55] .
To determine if the apparent change in binding partners observed in the UBAIT experiment was due to the high level of SOD1(A4V) expression, we also repeated this experiment with lower levels of SOD1(A4V) expression by reducing the amount of BacMam virus, again analyzing 12 wild-type and 12 DGG controls ( Figure 4E ). Here, SOD1(A4V) expression levels were only 1.6-fold over the endogenous protein level. SOD1 was still observed binding to both HSC70 and HSP70, albeit with lower overall efficiency compared to the experiment with higher SOD1(AV4) expression. Nevertheless, we still observed 36% loss of clients with HSC70, and 4% loss with HSP70 under these conditions ( Figure 4F ). In addition, we still observed a gain in novel HSP70 and HSC70 clients, and the HSC70 clients again specifically exhibited a higher predicted level of intrinsic disorder ( Figure 4G ). Here the proteins bound by HSC70 in response to SOD1(A4V) expression exhibited not only higher TANGO scores for beta-sheet aggregation propensity but also higher WALTZ scores, which estimates amyloid-forming potential in proteins based on experimentally-determined physical properties [57] .
Collectively, the results with SOD1(A4V) expression show that expression of a misfolded protein, even at low levels, can cause dramatic shifts in chaperone binding patterns for both HSC70 as well as HSP70. These include not only association with the misfolded species, but also a reorganization of client binding. For HSC70 specifically, there appears to be a shift to proteins with different physical features that include factors with intrinsically disordered regions and longer polypeptides.
Discussion
Employing UBAIT to identify a complex set of interactors
We have established in this work that the UBAIT fusion system can be used to profile complex interactomes. This method has previously been used to identify partners of bait proteins that have relatively few targets [28, 58] , but here we show that this strategy can be used on a large scale to identify hundreds of interacting partners. UBAITs have the advantage that even transient interactions can be captured in covalent association between the bait and the binding protein. This is useful in normalization between samples, as the wild-type and ∆GG forms of the fusion protein are both isolated and quantitated. In contrast, it is more difficult to normalize samples with BioID fusions, as the BioID fusion protein is not reliably isolated during the procedure. The UBAIT ∆GG isolations also provide an excellent negative control in these experiments since they express the identical bait protein, only lacking the last two glycine residues of ubiquitin. This provides a stringent comparison for nonspecific interactions, and allows for confident identification of even low-level interactors.
Mass spectrometry reliably identifies the most abundant polypeptides in a biological sample but low-level targets may be missed, depending on the mass/charge ratio of individual peptides and the mixture of other proteins present during the analysis [59] . For these reasons, failure to identify a given peptide or protein in a complex mixture is not necessarily a confident indicator of its absence. In this work we used a large number of replicate isolations (12 per set), with an equal number for the ∆GG controls, and also performed 3 sets per chaperone in order to acquire sufficient data for low level target identification. We used a bootstrapping method to determine the statistical probability for likelihood of each outcome, only taking those exceeding the 95% confidence interval. This strategy, combined with Benjamini-Hochberg methods to control the False Discovery Rate, allow us to identify low-level interactors (see Materials and Methods for details).
HSP70 and HSC70 Chaperones as non-redundant monitors of stress states
HSP70 and HSC70 targets have historically been very challenging to identify and quantify because of the large number of potential client interactions as well as the transient nature of these interactions. We have demonstrated in this study that it is possible to globally interrogate HSP70/HSC70 chaperone binding partners in human cells and that these interactions change in response to physiologically relevant sources of stress. We find that both HSP70 and HSC70 clients are biased toward newly synthesized proteins but they are largely non-overlapping in their binding preferences, thus these enzymes should not be considered identical in function or associations. The changes in both HSC70 binding partners as well as the aggregation propensity of proteins prone to misfolding with SOD1(A4V) expression strongly suggest that the protein homeostasis system as a whole is dramatically altered by the introduction of a single disordered protein, conditions which are likely relevant to early stages of human pathology involving disordered protein expression.
Materials and Methods
Plasmid Construction
Constructs based on the pcDNA5 vector (Thermo Fisher Scientific) were used to express full- removed (containing V5-tagged GFP only, pTP4552) was generated from pTP4497. These were used to generate bacmids and baculovirus according to manufacturer instructions for the bac-to-bac system (Thermo Fisher Scientific). ATP1B1 was overexpressed by transient transfection using a pcDNA3-based construct from GenScript (#OHu18298D). Plasmid sequences and cloning details available upon request.
Mammalian Cell Culture
We used a human osteosarcoma cell line (U2OS) containing an FRT recombination site integrated into the genome adjacent to a CMV promoter blocked by two copies of the Tet operator (Invitrogen Flp-In TM T-Rex TM system). HSPA1A, HSPA8, and Ubiquitin UBAIT constructs were transfected into these cells and selected with hygromycin according to week until control cells without virus died. For transient transfection of the ATP1B1 expression plasmid, U2OS cells were plated in 15cm dish for prior to additional of doxycycline for expression of UBAIT constructs. 12µg of plasmid was added with Calcium phosphate per 15 cm dish as previously described [63] . washed twice in dilution buffer, resuspended in the same volume, and 120μl bead resuspension was added to each sample and samples were rotated overnight at room temperature. Beads were then resuspended in 1.5 ml wash buffer (1M Urea, 50mM Tris pH8, 500mM NaCl, 0.1% SDS). Buffer was removed and beads were then washed twice for > 30 min in wash buffer, followed by 500mM LiCl for 15 min, then 0.1% SDS, 0.2% SDS, and 0.5% SDS for 30 min each.
Streptavidin Isolation of biotin-tagged UBAIT targets
All wash steps were performed in 1.5 ml solution while rotating at room temperature. Bound protein was eluted by boiling beads at 100°C for 5 min in 50 μL 1% SDS solution containing 50 mM 2-mercaptoethanol. The elution step was repeated and eluates were combined and stored at -20 o C.
Filter aided sample preparation, mass spectrometry and Quantification
Frozen eluates were boiled for 2 min at 100°C then any residual beads were removed with a magnet. Samples were diluted with 600ul of UA buffer (8M Urea, 0.1M Tris pH 8.8). MicroCon ® -30 centrifugal filter units (Millipore, MRCF0R030) were equilibrated with 20% ACN, 2% formic acid solution and centrifuged at 14,000xg for 10 min prior to use. Samples were loaded onto the filters then washed 3 times with 400 μL UA buffer. After washing, samples were incubated for 5 min at room temperature with 400 μL 50mM DTT in UA buffer to reduce disulfide bonds.
Samples were centrifuged and then alkylated with 400 μL 50 mM iodoacetamide by incubation for 5 min at room temperature followed by centrifugation. Samples were de-salted with 400 μL 40mM ammonium bicarbonate (ABC) 3 times. 100 μL 40mM ABC containing 0.5 μL of trypsin gold (Promega, V528A) in PBS was added to each sample and samples were incubated overnight at 37 o C in a closed, humidified chamber. Peptides were eluted by centrifugation and filtrate was reserved in tube; filters were then washed with 100ul 20% ACN, 2% formic acid solution and filtrate was combined with eluted peptides in ABC buffer. Collected samples were lyophilized at room temperature. Dried samples were resuspended in 10 μL 0.1% formic acid with 0.1% trifluoroacetic acid then de-salted with C18 tips (Pierce, QK224796) according to manufacturer's protocol. The final samples were resuspended in 80% ACN 2% formic acid for LC-MS analysis. All centrifugations were done at 14,000xg for 10 min at room temperature unless otherwise noted. Protein identification by LC-MS/MS was provided by the University of Texas at Austin Proteomics Facility on an Orbitrap Fusion following previously published procedures [56] . Raw files were analyzed using label-free quantification with Proteome Discoverer 2.2. The details of workflow for PD 2.2 are available upon request.
Statistics Testing and analysis
Proteome Discover 2.2 results were further refined by two additional methods in order to control the false discovery rate. First, all proteins were cross-referenced for common contaminants, in which case they were removed from final analysis. Any polypeptides with less than two unique peptides identified were removed from final analysis. Refined data was then normalized by levels of total HSP70 or HSC70 in order to correct for variation of recovery between samples.
Missing data was imputed using weighted low abundance resampling, which replaces missing values with random values sampled from the lower 5% of the detected values, with heavier weighting toward higher values.
To compare negative control ∆GG UBAIT with experimental wild-type UBAIT samples, we took the ratio of average intensity measurements from wild-type UBAITS divided by ∆GG UBAITS for each protein identified to create an enrichment ratio. A bootstrapping method was then used to create a distribution of possible ratios (1000) for each protein by randomly assigning wild type or ∆GG values from each protein. Finally, we compared the actual ratio to the hypothetical distribution of randomized ratios and computed the p-value of the actual ratio from the quantile. Proteins with ratios less than top 5% percentiles were considered to be significant. In order to control the false discovery rate (FDR) from multiple hypothesis testing, we used the Benjamini-Hochberg procedure [64] for each of the experiments using an FDR of 0.05 (see Table S1 ).
Stable isotope labeling using amino acids in cell culture (SILAC)
U2OS cells containing HSPA1A and HSPA8 UBAITs were grown in Light Lysine/Arginine Dulbecco's Modified Eagle Medium (DMEM) with 10% dialyzed FBS for at least 2 weeks (at least 5 cell doublings). U2OS cells were plated in 15cm dishs with 20ml of Light DMEM. The next day, media was replaced by Heavy Lysine ( 13 C 6 , 15 N 2 L-Lysine-2HCl), Arginine ( 13 C 6 , 15 N 4 L-Arginine-HCl) DMEM (Thermo Fisher Scientific) with 10% dialyzed FBS containing 1ug/ml doxycycline and grown for either 1 day or 2 days. Cells were harvested and frozen as described above. Cell pellets were lysed and UBAIT targets were isolated as described above. 12 samples were used for each chaperone (wild-type UBAIT only). These samples, as well as 3 total lysates, were analyzed by mass spectrometry for protein identification as well as light/heavy ratios for each peptide. Total cell lysate light/heavy ratio data was used to experimentally derive two data points for each enriched protein identified (day 1 and day 2). Using day 0 as 100% light, three points were used to calculate a linear slope explaining change of light/heavy ratio for each individual protein. The averaged slope from the three points was used to calculate expected light/heavy ratios for UBAIT targets (the "expected" values, see Table S3 ). Light/heavy ratios were also measured from 12 wild-type UBAIT isolations from day 1 and day 2 SILAC experiments (the "actual" values, Table S3 ). No ∆GG isolations were performed in this case, but proteins positively identified as HSC70 and HSP70 binding partners in experiments described in Figure 1 were compared with the expected value using a one-sample t-test.
Isolation of detergent-resistant aggregates
This procedure was performed as previously described [56] . 
